The present study explored a novel oxidative desulfurization (ODS) method of light gas oil fuel, which combines a catalytic oxidation step of the dibenzothiophene compound directly in the presence of molecular air as oxidant to obtain high quality fuel for light gas oil.
(dibenzothiophene (DBT)) using air as oxidant and operating under different but moderate operating conditions. The impregnation method is used to characterize two homemade catalysts, cobalt oxide (Co 3 O 4 /γ-Al 2 O 3 ) and manganese oxide (MnO 2 /γ-Al 2 O 3 ). The prepared catalysts showed that the manganese oxide has a good impregnation (MnO 2 =13%), good pore size distribution and larger surface area. A set of experiments related to ODS of dibenzothiophene has been carried out in a continuous flow isothermal trickle bed reactor using light gas oil as a feedstock utilizing both catalysts prepared in-house. At constant pressure of 2 bar and with different initial concentration of sulphur within dibenzothiophene, the temperature of the process was varied from 403K to 473K and the liquid hourly space velocity from(LHSV) was varied from 1 to 3 hr -1 . The results showed that an increase in reaction temperature and decreasing in LHSV, higher conversion was obtained.
Although both catalysts showed excellent catalytic performance on the removal of molecule sulphur compound from light gas oil, the catalyst MnO 2 catalyst exhibited higher conversion than Co 3 O 4 catalyst at the same process operating conditions.
Introduction
Sulphur types (benzothiophene, dibenzothiophene and its derivatives) are the most notorious and undesirable petroleum contaminants and a large portion of those compounds can be transferred to diesel oil during refining of crude oil [1] . Major portions of the crude oils are used as transportation fuels such as gasoline, diesel and jet fuel. However, such crudes contain sulphur, typically in the form of organic sulphur compounds. Increasing the sulfur compounds lead to a significant impact upon the quality of crude oil in addition to the harm they can cause. The sulphur content and American Petroleum Institute (API) gravity are two main properties, which have a great influence upon the value of the crude oil [2] .
A vast variety of sulphur compounds are present in light gas oil (LGO). These sulphur compounds can be classified into four main groups: mercaptans, sulfides, disulfides and thiophenes. Environmental concerns have driven the need to remove sulphurcontaining compounds from LGO. Sulphur-containing compounds are of particular interest because of their tendencies to produce precursors to acid rain and airborne particulate material [3] .
Oxidative desulfurization(ODS) process has been considered a promising method for deep desulfurization technology because it can be carried out under mild conditions (temperature and pressure), such as relatively low temperature, approach constant pressure and cost of operation when it is compared with hydrodesulfurization(HDS)
process [4] [5] [6] [7] .
Various studies on the ODS process have used different oxidizing agents and catalysts, such as H 2 O 2 /acetic acid [8] , ozone/heterogeneous catalysts [9] , and O 2 /aldehyde/cobalt catalysts [10] . The ODS process is usually carried out under mild conditions that present competitiveness over the conventional HDS process [11] . The oxidation of mercaptans present in different fuels is carried out in trickle bed reactors using air as oxidant, and UVKO-2 catalyst (commercial catalyst) and caustic as cocatalyst [12] .
The deep desulphurization of fuel has drawn increasing attention due to new regulations and it is difficult or very costly to use hydrodesulphurization(HDS) process for reducing the sulphur in the fuels to less than 10 ppm. Also, depending on the feed and level of the desulfurization, the required operating conditions for HDS reactor are very high(573-723K and 35-270 bar) [11] .
Most of the sulphur contamination in diesel can be traced to the dibenzothiophene derivatives. In order to remove these compounds by HDS, it would require more hydrogen capacity and maintenance of high temperature, pressure and high contact time. This would increase operating costs leading to enhanced likelihood that complete saturation of olefins and aromatics will occur resulting in losses of hydrocarbons. Thus, it is likely that HDS processing has reached a stage where increasing temperature and pressure are not economically justified to remove the residual sulphur without affecting the yield of diesel fuel from hydrotreatment processes [13] . Also, this process will increase the volume of hydrogen sulfide(H 2 S).
Although HDS processes have dominated desulphurization of petroleum in the past, their cost and the requirements of strict fuel specifications motivate to the development of innovative new technologies.
Oxidative desulphurization is based on the removal of heavy sulphides, usually in the form of polynuclear aromatics where one ring is a thiophene structure. In ODS, these compounds are oxidized by adding one or two oxygen atoms to the sulphur without breaking any carbon-sulphur bonds, yielding the sulfoxide and sulphones, respectively. These oxidized compounds can then be effectively extracted or adsorbed from downstream processing.
This work contributes to a growing understanding of light gas oil ODS. The oxidation by air of light gas oil using two catalysts (cobalt oxide (Co 3 O 4 /γ-Al 2 O 3 ) and manganese oxide (MnO 2 /γ-Al 2 O 3 )) prepared experimentally in-house, is studied to determine the extent of dibenzothiophene removal as well as to highlight operating issues that must be resolved in order to develop an industrially viable process. Company with purity of 99%.
Material used in Experimental

 Light Gas Oil (LGO)
The feedstock used in this study is the hydrotreated light gas oil (DBT concentration = 2 ppm, and sulphur content 7.8 ppm) that has been obtained from North Refineries
Company in Iraq. The physical properties of feedstock illustrated in Table 1 .
 Air
Air gas is used as oxidizing agent to oxidize sulphur compound to sulfoxide and sulphones.
Catalysts
Incipient Wetness Impregnation (IWI) method is a widely used method for catalyst design and characterization. It involves contacting a solid with a liquid containing the components to be deposited on the surface. The type of products depends on the nature of both reactants (the liquid and the solid surface) and the reaction conditions.
In the Incipient Wetness Impregnation process (IWI), the active metal precursor with thermally unstable anions (nitrates, chloride, carbonates, and hydroxides) is used.
Then the metal containing solution is added to a catalyst support having the same pore volume as the volume of solution that was added under precisely defined conditions (concentration, mixing, temperature, time) [14] 
Support (Aluminum oxide (γ-Al 2 O 3 ))
A commercial spherical shape aluminum oxide (γ-alumina) has been used as a carrier in manufacturing of the catalyst ,its specification is shown in Table 2 . Area -Baiji-Iraq [16] . Figure 2 shows the flow chart of preparation steps.
Catalyst used in the Experimental
Oxidation Experiments in a Trickle Bed Reactor
Apparatus and Procedure
The experiments of this work were conducted at moderate temperature, moderate pressure trickle bed system in chemical engineering department/college of engineering/Tikrit University. Process flow diagram of this system is presented in LGO at pressure up to 20 bar. The oxidant gas (air gas) flows from a high-pressure air compressor equipped with pressure regulator to maintain constant operating pressure.
Gas flow meter coupled with a high precision valve and control gas flow rate is used.
The light gas oil (DBT concentration) and air gas streams are mixed before introduced to the reactor at the required temperature when dibenzothiophene are oxidized to sulphones. The outlet stream flows to a heat exchanger (shell and tube(sour tubes) stainless steel) at 293K then to high pressure gas-liquid separator in order to separate excess air from the treated LGO.
Experimental Procedure (Preparation of Trickle Bed Reactor)
Operation Conditions
In this work, various experiments were conducted with the following moderate operating conditions:- Initial concentration of DBT: 500, 800 and 1000 ppm. 
Catalyst Loading
A complete catalyst bed is made up of three main parts; two parts of ceramic balls and a part of the catalyst is loaded in between them. The purpose of the diluents as well as the ceramic balls is to provide complete catalyst wetting and to reduce radial dispersion and the bed porosity leading to minimization of any diffusion effects and thus providing plug flow conditions for isothermal reactions. The optimal percent of inert layers (ceramic balls) in the catalyst bed is ranged to be between 30 to 35 % vol. [17] . In this work, the catalyst bed (58 cm 3 ) loaded with (40%
between two layers of (30% ceramic balls) is considered (as shown in Figure 4 5 ).
Running of Experiments
After loading the catalyst inside the reactor and securing the lower and upper flanges carefully, the following steps are performed to prepare and run the experiments:- Flow the air gas through the reactor at 2-bar pressure.
 Set the temperature controller to the feed injection temperature (it is lower than steady state operating temperature), then temperature raise with the rate 293 K per hour.
 Turn on of dosing pump at a certain of light gas oil flow rate when temperature of air reaches feed injection temperature.
 Raise the temperature at rate of 293K per hour until reach steady state temperature.
 When the system reaches steady state condition, samples are collected.
 Turn off light gas oil dosing pump and keeping air gas flowing to back wash of remains light gas oil, then close air valve and allow the nitrogen to flow inside the system to remove air.
DBT Analysis (GC-capillary Chromatography)
Dibenzothiophene content in feedstock and product are analyzed according to GCcapillary chromatography. These are as follows: The determination of the outlet concentration of dibenzothiophene unreacted can be accomplished by reading the value from the computer.
Characterization of the Catalyst Prepared
Activity
After preparing the catalyst, its performance should be checked and its reliability towards oxidation of dibenzothiophene as well. These issues were performed in a lab scale apparatus. 
Bulk Density (Packing Density)
Bulk density is the ratio of the weight of the catalyst particle to the bed volume occupied by the catalyst particle. This property was determined by randomly placing 50 cm 3 of dried catalyst in the cylinder. The weight difference between the cylinder filled with catalyst (namely, W 2 ) and the empty on (namely as, W 1 ), represents the catalyst weight therefore, bulk density is determined as follows:
Pore Volume
A direct simple method for determining the total volume of pores is by measuring the increase in weight when pores are filled with liquid. This should preferably be of low molecular weight so that fine pores are filled (e.g. water or various hydrocarbons may be used). A general procedure is the liquid impregnation method [18] . This is Table 6 showed the characteristic of the prepared catalysts.
Regarding to this Table, it can be seen that after impregnation with active component, the surface area and pore volume are reduced significantly for different catalysts because the active component occupies some space and increases the bulk density of the samples.
Results and Discussions
Effect of Operating Variables on the Oxidation Processes
The experimental runs were carried out in a trickle bed reactor using cobalt oxide and manganese oxide as catalyst. The effects of catalysts type, LHSV, temperature, and dibenzothiophene concentrations are discussed here. 
Determination of the Most Active Catalyst and the Optimum Condition
CAT-2 > CAT-1
Also, it is clearly observed that the best conversion is obtained at the following operating conditions:- The best temperature is (473K).
 The best LHSV is 1 hr -1 .
 The initial concentration of dibenzothiophene of (1000 ppm).
 The best catalyst is CAT-2.
The effects of metal loading and reaction temperature were investigated in this process. Where, below 403K, the oxidation reaction was not observed and there was a significant difference in conversions for the oxidation of model diesel for catalyzed by either CAT-2 and 403, 443, 473K at 1, 2, 3 hr -1 and high conversion from CAT-1is found.
Effect of Temperature on the Process Conversion
For the influence of temperature upon the conversion of dibenzothiophene oxidation to sulphone, the experimental data are tabulated in Tables 4-9. Figure 7 shows that at 1 hr -1 and 473K, dibenzothiophene conversion is 81.2%, while at 443K and 403K, dibenzothiophene conversions are 53.4 % and 32.7 % respectively for CAT-2. The general behavior is, higher conversion is achieved at higher temperature due to the fact that at high temperature, kinetic constant (reaction rate constant) is favorably affected resulting in increasing in dibenzothiophene conversion [16] . The maximum conversion obtained in this study compared with higher conversion reported in the literature can be attributed to the moderate operating conditions (for safety purposes) used here in addition to the use of air as oxidant (for economic issues) containing oxidant percentage of 21% leading to incomplete conversion (100%).
Also, increasing in temperature will contribute to an increase of magnitudes of some important physical properties such as Henry's constant and diffusivity, and decreasing of viscosity and surface tension. However, the increase in temperature levels will raise the absorption rate of molecular air in liquid and the diffusion rate of dibenzothiophene and the rate of dissolved air inside catalyst pores, which reach the active sites when oxidation reaction occurs [19] , as show in Figure 7 and 8.
Influence of Liquid Hour Space Velocity
The effect of LHSV on dibenzothiophene removal rate is shown in Tables 4-9. As can be seen, increasing LHSV has an adverse impact on dibenzothiophene conversion, Figure 9 and 10 depicts the effect of liquid flow rate on dibenzothiophene conversion.
As clearly noted from Figure 10 , dibenzothiophene conversion at 473K of 81.2% is achieved at LHSV=1 hr -1 . At LHSV of 2 and 3 hr -1 , dibenzothiophene conversion were 60.9% and 51.1% respectively. Actually, increasing liquid flow rate reduces the residence time of the reactant thus reducing the time of reaction of dibenzothiophene with air (gas reactant). Moreover, higher liquid flow rates give greater liquid holdup, which evidently decrease the contact of liquid and gas reactants at the catalyst active site, by increasing film thickness. The results reported in the literature were confirm such behavior [20, 21] .
Impact of Initial Dibenzothiophene Concentration
The influence of initial concentration of dibenzothiophene is studied at 500 ppm, 800 ppm, and 1000 ppm. In the range of these experiments, dibenzothiophene conversion decreases by decreasing inlet dibenzothiophene concentration as illustrated in Figure 11 . It has also been noticed that dibenzothiophene conversion decreases from 78 to 69.2% at 1 hr -1 for CAT-1, when dibenzothiophene concentration decreases from 1000 to 500 ppm. This can be attributed to the fact that decrease dibenzothiophene molecules coverage the active site over the catalyst surface and/or proves that catalyst deactivation take place. This also suggested that when the reaction is carried out with proper air and dibenzothiophene loads oxides, catalyst deactivation can be avoided [22] . 
Influence of Oxidation Process on Physical Properties of Feedstock
The physical properties and ASTM distillation of feedstock and product at optimum operating condition (CAT-2, temperature = 473K, LHSV=1 hr -1 , dibenzothiophene initial concentration=1000 ppm) is shown in Table 10 and plotted in Figure 13 .
Generally, it is obvious from Table 10 and Figure 13 that there is no high difference in physical properties and ASTM distillation between feedstock and product at the optimum operating condition. This attributes to the following reasons:- Density, viscosity, and boiling range are approximately the same before and after oxidation reaction because there was no high change in the components of the hydrotreated light gas oil.
 Reid vapor pressure (RVP) decrease slightly due to reaction of some of the volatile compounds.
 Aniline points (AN) and research octane number (RON) are approximately same before and after oxidation reaction due to the aromatic compounds not being involved in the oxidation reaction, so that they are not broken or saturated as in hydrodesulphurization process.
Conclusions
This study aimed at designing a suitable synthetic catalyst which can be applied to an oxidative desulphurization (ODS) of light gas oil. The impregnation method is  The most difficult sulphur products to be removed by hydrotreatment in diesel, can be fully oxidized using an air as oxidant and cobalt oxide and manganese oxide materials as catalysts in the absence of any solvent.
 The achievement of very low levels of sulphur required in transportation fuels in the near future which will be difficult and/or will be highly costly by current hydrodesulphurization process (HDS). Several alternative strategies to HDS process are currently being explored, amongst them is the oxidative desulphurization techniques (ODS) that do not require the use of expensive hydrogen.
 Yields of oxidation reaction is normally affected very much by severity of increasing in operation conditions such as (temperature, liquid hour space velocity and initial concentration) as well as the type of the catalyst used.
 The oxidative desulfurization process has two advantages compared with other reported oxidative desulfurization processes. The first one is that the reaction can be carried out at middle temperature and within a very short reaction time.
The second is that air can be used as an efficient oxidant compared to costly oxidants, such as H 2 O 2 , ozone and TBHP, which were reported in the literatures for the oxidative desulfurization processes.
 It has also been observed that temperature is the most important factor effecting on the oxidation reactions. Liquid hourly space velocity (LHSV) has also a significant impact on the oxidation reactions owing to the effect of contact time between feed and catalyst. As well as, active component has an important influence upon the oxidation reaction. The characteristic of the prepared catalysts. Table 9 : Experimental results obtained for CAT-2 at (Initial dibenzothiophene concentration CC=500 ppm). 
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